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Chapter 1 -- Executive Summary 
 

California is a major producer of oil and gas resources, ranking 7th in the U.S. in crude 

oil production during 2018.  These operations produce large volumes of a liquid by-

product called “produced water,” which usually contains much higher concentrations of 

total dissolved solids (TDS) and volatile organic compounds (VOC) than are acceptable 

for most beneficial uses, such as drinking water or irrigation.  Therefore, operators must 

establish produced water disposal methods.  In California, one method of disposal is 

transport to a produced water pond facility where residual oil is removed and water is 

stored in unlined earthen pits, called ponds. The water is able to either evaporate into 

the air or percolate into the ground.  These produced water pond facilities can be a 

source of air pollutants, including greenhouses gases, VOCs, and toxic air contaminants 

(TACs).  This study aims to better understand and quantify these emissions. 

 

The California Air Resources Board (CARB) entered into an agreement with Charles E. 

Schmidt on June 30, 2017 titled “Measurement of Produced Water Air Emissions 

from Crude Oil and Natural Gas Operations”  to quantify emissions of VOCs, TACs, 

and methane from produced water in California.  Analytical methods used to determine 

emissions include the United States Environmental Protection Agency (U.S. EPA) Flux 

Chamber Method combined with U.S. EPA Methods TO-14/15 and ASTM 1945 for gas 

composition analyses and U.S. EPA Methods 1664 and 8260b for liquid composition 

analyses.  A total of 123 samples were collected during the study:  95 gas phase and 95 

liquid phase sample pairs were collected from 25 facilities throughout California.  In 

addition, 28 sample pairs were collected to meet QA/QC objectives. 

 

The study was conducted in two phases.  In Phase 1 (screening), the objective was to 

obtain many data points from produced water ponds statewide and to characterize how 

produced water emissions vary regionally.  Produced water pond facilities in Phase 1 

were selected based on proximity to population, geographical region (southern, central, 

and northern California), and by operator (small, medium, and large) to ensure samples 

are representative of facilities within the state. 

 

In Phase 2 (characterization), the objective was to select the highest emitting facilities 

near populated areas based on the data collected in Phase 1 for further air and water 

testing.  The selected pond facilities were tested multiple times throughout the year to 

account for potential seasonal variability and to characterize changes in air and water 

among ponds within a single facility. 

  











https://www.conservation.ca.gov/dog/general_information/Pages/class_injection_wells.aspx
https://www.waterboards.ca.gov/water_issues/programs/groundwater/sb4/oil_field_produced/produced_water_ponds/
https://www.waterboards.ca.gov/water_issues/programs/groundwater/sb4/oil_field_produced/produced_water_ponds/


https://www.eia.gov/dnav/pet/pet_crd_crpdn_adc_mbbl_a.htm
ftp://ftp.consrv.ca.gov/pub/oil/online_data/production_injection_data/Pre-2018_Data_Format/
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Most active produced water pond facilities are located in the Central Valley, however 

there are also facilities on the Central Coast and Los Angeles regions of California 

(Figure 2.3).  The ponds at these facilities can be lined or unlined.  Lined ponds have a 

concrete or rubber tarp-like lining to inhibit percolation; however in California, 76% of 

active facilities contain unlined ponds6.  When produced water is received at these 

facilities, oil is separated from the water in a cleaning pond, then the water is moved 

through channels or pass-through ponds to shallow, earthen evaporation/percolation 

ponds where the produced water remains until it either evaporates or percolates (Figure 

2.4).  The free crude oil that rises to the surface in the cleaning ponds is collected and 

refined.  By law, the cleaning ponds contain a cage for wildlife protection.  All types of 

ponds in these facilities are open to the atmosphere, presenting the opportunity for air 

emissions of greenhouse gases, VOCs, and TACs, including BTEX compounds.   

 

Water produced through the production of natural gas (unassociated with oil production 

or dry gas) is collected and stored in tanks.  Tanks used to store produced water from 

natural gas fields are not sealed nor do they have vapor recovery, allowing for fugitive 

emissions to vent to the atmosphere.  Water is then trucked off-site to treatment 

facilities.   

 

In the case of facility R4S1 of this study, the facility is a subsurface injection facility 

receiving produced water via truck, processing the liquid to remove oil and solids and 

storing the produced water in a series of tanks prior to injecting below ground.  

 

 

  

                                                            
6 California State Water Quality Control Board, Produced Water Ponds Status Report: January 31, 2019, 
accessed 04/23/2019.  





https://ww2.arb.ca.gov/sites/default/files/2018-06/wastewater%20ponds%20jun%202016.pdf




https://www.waterboards.ca.gov/water_issues/programs/groundwater/sb4/docs/produced_pond_rpt_2016jul.pdf
https://www.waterboards.ca.gov/water_issues/programs/groundwater/sb4/docs/produced_pond_rpt_2016jul.pdf
https://geotracker.waterboards.ca.gov/
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Flux testing included using a fixed sweep air flow rate of 5.0 liters per minute and a 30 

liter dynamic flux chamber as per the U.S. EPA Flux Chamber User's guidance 

document.  Dynamic flux chambers use sweep air in the measurement so that an 

emission rate can be calculated once equilibrium is achieved, which occurs after five 

residence times in the flux chamber or after five exchange volumes have been added 

and cycled through the chamber and vented out the exhaust port in the chamber.  

During this process, all of the ambient air is removed from the chamber and the only 

gases in the chamber are the pure sweep air mixed with the fugitive compound 

emissions from the liquid surface in the chamber or enclosure.  The contents of the 

chamber are mixed and at constant compound concentration at equilibrium conditions 

for 30 minutes, in accordance to the standard Measurement of Gaseous Emission 

Rates from Land Surfaces Using an Emission Isolation Flux Chamber, Users Guide12. 

 

Once equilibrium conditions were achieved in the flux chamber, gas phase sample 

collection was conducted by filling a 6-liter evacuated Summa polished stainless-steel 

canister.  These canister samples were then shipped to the laboratory (Environmental 

Analytical Services, San Luis Obispo, CA) where an assessment was performed for 

VOCs and TACs using U.S. EPA Methods TO-14/TO-15, and fixed gases carbon 

dioxide and methane by ASTM Methods 1945 and 3416, respectively.  After sample 

collection, the flux chamber system and suspension apparatus were removed from the 

test location and the flux chamber was cleaned with soap and water. 

 

Liquid phase measurements were performed by collecting a water sample adjacent to 

the location where the flux chamber measurement was being performed (Figure 3.1B).  

These activities were coordinated so that a comparison could be made between the 

water chemistry as the hydrocarbon emission source and the flux measurement of air 

emissions.  A standard dipper fixed to an extension pole was used to collect the water 

sample.  The liquid samples were labeled, bagged and stored in an ice chest 

maintained at 4°C.  The water samples were stored following protocols in method-

specific containers and shipped to a laboratory for analysis (BC Labs, Bakersfield, CA).  

Liquid samples were analyzed for dissolved phase VOCs by U.S. EPA Method 8260b, 

and for oil and grease by U.S. EPA Method 1664 as described in Appendix B.   
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Method TO-15 

 

Method TO-1514 is a GC method that uses a mass spectrometer (MS) detector for 

compound identification.  Identification by GC/MS has a higher certainty in identifying 

individual hydrocarbon species than other detectors and, because of this, data from this 

analytical method is principally used to identify TACs for health risk evaluation.   Gas 

samples for TO-15 are taken from the same canister as TO-14 and delivered to the 

GC/MS in an identical fashion.  Method detection limits for most compounds were below 

1 ppbv.  The analytes sampled for in Method TO-15 are shown in Table 3.4. 

  

                                                            
14 US EPA, "Air Method, Toxic Organics-15 (TO-15): Compendium of Methods for the Determination of Toxic 
Organic Compounds in Ambient Air, Second Edition: Determination of Volatile Organic Compounds (VOCs) in Air 
Collected in Specially-Prepared Canisters and Analyzed by Gas Chromatography/Mass Spectrometry (GC/MS)." EPA 
625/R-96/010b, 1999. 
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the pond where water was either entering or exiting the system, therefore causing 

turbulent flow.  With a constant influx of produced water from a variety of sources and 

formations, the concentration near the inlet or outlet (where the samples were collected) 

is likely to be in a constant state of fluctuation.  However, due to the volatility of the 

analytes studied, it was important to try and obtain a sample that most accurately 

represented source-produced water.  As such, this required collection as close to the 

inlet as possible.  Given these circumstances, the lack of agreement between the 

replicate field samples is not believed to be an indication of poor field sampling 

procedures, but rather a result of constant introduction of heterogeneous fluids. 

  













https://www.waterboards.ca.gov/centralvalley/water_issues/irrigated_lands/archives/exist_cond_rpt/draft_existing_conditions_rpt/ch04_pt3.pdf
https://www.waterboards.ca.gov/centralvalley/water_issues/irrigated_lands/archives/exist_cond_rpt/draft_existing_conditions_rpt/ch04_pt3.pdf


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3431276/
https://www.usbr.gov/research/projects/download_product.cfm?id=1214


Measurement of Produced Water Air Emissions from Crude Oil and Natural Gas Operations 
Page 37 of 50 

Potential to Emit 

 

Due to the QA/QC issues encountered with the Phase 1 data, the PTE results were only 

used in a qualitative manner.  Most results were not depicted graphically since PTE 

data was only used as a screening measure, however a brief discussion is still included 

below.  

 

PTE values were estimated for TNMHC, methane, and total BTEX compound groups for 

all facilities.  The lowest overall PTE (including TNMHC, methane, and total BTEX) was 

measured at facilities that utilized tanks, which were the northern California gas well 

facilities and R4S1.  Furthermore, the northern California gas well facilities had the 

lowest BTEX and TNMHC of all facilities tested, demonstrating that water produced with 

dry natural gas has less hydrocarbons compared to water produced with oil.  While the 

highest PTE values are observed at the four facilities sampled during Phase 2, they also 

have the highest surface area. Some R3 facilities have especially high PTE values, 

considering the small surface area.  This is illustrated for total BTEX in Figure 4.4.  

 

Generally, TNMHC were the compounds with the highest PTE at most facilities, 

especially in R3 and R4.  In R5, only 2 facilities had TNMHC PTE values significantly 

higher (two orders of magnitude) than methane or total BTEX; while the rest of R5 

facilities show similar PTE estimates for TNMHC and methane.  Methane PTE was 

highest at R5 facilities followed by R3 facilities.  Total BTEX PTE was highly variable at 

all facilities spanning several orders of magnitude, except for the northern California gas 

wells (Figure 4.4). Of the top 5 facilities with the highest total BTEX PTE, four were from 

R5. 
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4.4 Predictive Gas Phase/Liquid Phase Partitioning 
 

Collecting water samples is simpler and less time-intensive than measuring air flux.  

Therefore, if air emissions can be effectively predicted by measuring the liquid phase 

concentration, emissions can be estimated with less complication24. 

 

Air emissions (flux rate) can be estimated from liquid phase concentrations using 

equation 1: 

 

(1) ὶ ὑὃὅ  

 

where rv is the air emission in g/s, Kt is the overall mass transfer coefficient in m/s, A is 

the area in m2, and CLe is the liquid phase concentration in g/m3. 

 

The overall mass transfer coefficient is derived from equation 2: 

 

(2)  ὑ  

 

where kl is the liquid phase mass transfer coefficient in m/s, H is the gas/liquid partition 

coefficient in g/m3 gas per g/m3 liquid, and kg is the gas phase mass transfer coefficient. 

 

In this study, kl will be much larger than kg for all compounds, therefore:  

 

 ὑ Ὧ 

 

If the liquid phase concentration and surface area are divided into the flux rate, equation 

1 can be rearranged:  

 

(3) Ὧ
 
 

 

Equation 3 generates the mass transfer coefficient, which should be constant for similar 

environmental conditions.  Co-located air and water samples from Phase 2 were plotted 

together to quantify how well the liquid concentration predicts flux at facilities with 

cleaning and evaporation/percolation ponds open to the atmosphere (Figure 4.9).  Note 

that facilities such as the northern California gas wells and R4 S1 were excluded 

because produced water at these facilities is generally stored in covered tanks and 

produced water does not interact significantly with the atmosphere.  For all BTEX 

compounds, water concentration shows a moderate to high correlation with 

                                                            
24 United States Environmental Protection Agency. 1994, Air Emissions Models for Waste and 
Wastewater, accessed 4/24/2019. 
https://www3.epa.gov/ttn/chief/software/water/air_emission_models_waste_wastewater.pdf 

https://www3.epa.gov/ttn/chief/software/water/air_emission_models_waste_wastewater.pdf
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corresponding air concentration.  Benzene, ethylbenzene, and toluene all show a high 

correlation (R2>0.8), while (m,p-) and (o-) xylenes show a moderate correlation 

(R2≈0.5).  It has been demonstrated that in systems similar to produced water pond 

facilities, xylenes have lower solubility than benzene, ethylbenzene, and toluene25.  As 

cleaning ponds and evaporation/percolation ponds were not distinct from one another, 

all air and water data, regardless of pond type, were utilized in the following regression 

analysis. 

 

Since a moderate to strong correlation was found between air and water concentration 

for BTEX compounds, a regression model was developed to estimate flux (equations 

provided in Figure 4.9).  The modeled flux estimates were compared to the measured 

flux values (Figure 4.10).  At high flux rates, the model neither over predicts nor under 

predicts measured flux values.  At low flux rates (<100 µg/m2-min for benzene, toluene, 

ethylbenzene, and < 10 µg/m2-min for m-,p-,o-xylenes), the model generally over 

predicted flux compared to measured values for all BTEX compounds. 

 

Total oil was also evaluated as a predictive variable for all methane and benzene 

emissions.  However, no correlation was found in the data, with an R2 for benzene of 

0.27 and an R2 of 0 for methane (results not shown).  

 

                                                            
25 Njobuenwu, D. O., et al., 2005, Dissolution Rate of BTEX Contaminants in Water. The Canadian 
Journal of Chemical Engineering, v. 83, p. 985-989. 







https://ww3.arb.ca.gov/toxics/cti/cti.htm
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Compared to the current study, results from the 2014 study were significantly higher.  

This change is likely due to operational and potential treatment changes upstream prior 

to entering the facility.  

 

Measuring the liquid field parameters (temperature, TDS, and pH) gives a first order 

understanding of where produced water is coming from (i.e. thermal enhanced recovery 

projects, formation water versus surface water, etc.) and the fate of the water once it is 

on site (i.e. evaporating or percolating).  These metrics are quick to measure and 

provide valuable data.   

 

Liquid-air mass transfer models indicate that for benzene, ethylbenzene, and toluene it 

may be possible to estimate emissions from the concentrations measured in the 

produced water.  However, agreement in the xylene model was not as evident.   

 

Since equations 1-3 are based on an ideal system, the model could be improved by 

correction for non-ideal parameters.  Mass transfer coefficients are dependent on 

particular physical and chemical properties and are usually derived in a laboratory 

setting (pure water at 25°C)27.  In some cases, it may be possible to correct for non-

ideal parameters, such as sample temperature.  Also, additional measurements, such 

as major ion chemistry would improve the predictability of the model.  Finally, the 

presence of suspended oil is known to create a film which could also affect partitioning 

behavior.  However, these corrections are outside the scope of the work and are not 

developed here.  

 

The preliminary measurements from this study show that in general, the concentration 

of BTEX compounds in produced water may provide a good estimate of the expected 

air emissions.  The collection of more data, especially samples with BTEX 

concentrations between 100 µg/L and 1,000 µg/L, could improve the model by creating 

a more even distribution of the data.  The regression model could also be further 

improved by collecting additional data to correct for non-ideal parameters. 

 

 

 

 

 

 

 

 

 

                                                            
27 Sander, R. 2015, Compilation of Henry’s law constants (version 4) for water as solvent. Atmos. Chem. 
Phys., 15, 1399-4981. 
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